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Abstract

This study investigated the effects of the natural polyphenol mangiferin (MA) on superoxide anion (O, ) production, xanthine oxidase
(XO) activity, vascular contractility, inducible nitric oxide synthase (iNOS) mRNA levels, tumour necrosis factor-alpha (TNF-a) mRNA
levels, and tumour growth factor-beta (TGF-3) mRNA levels. O, was generated by the hypoxanthine—xanthine oxidase (HX-XO) and
phenazine methosulphate (PMS)-NADH systems. XO activity was determined by measurement of uric acid production with xanthine as
substrate. Vascular contraction experiments were performed with intact rat aortic rings. iNOS, TNF-o and TGF-f gene expression in rat
macrophages stimulated in vivo with 3% thioglycollate and in vitro with 100 ng/mL lipopolysaccharide and 10 U/mL of interferon-gamma
were evaluated semiquantitatively by the retrotranscriptase—polymerase chain reaction. MA at 10-100 uM, like the known O, scavenger
superoxide dismutase (1 U/mL), scavenged O, produced by the HX/XO and PMS-NADH systems. By contrast MA at 1-100 uM, unlike
allopurinol (10 uM), was unable to inhibit XO activity. MA at 1-100 pM did not modify resting tone or the contractile responses elicited
by 1 uM phenylephrine or 1 pM phorbol 12-myristate 13-acetate in rat aorta. MA at 1-100 uM, like dexamethasone (100 uM), decreased
iNOS mRNA levels in activated macrophages. At 100 uM, MA also reduced TNF-oe mRNA levels, but increased TGF-f mRNA levels.
These results thus indicate that MA is an O, scavenger and that it inhibits expression of the iNOS and TNF-o genes, suggesting that it
may be of potential value in the treatment of inflammatory and/or neurodegenerative disorders. In addition, the finding that MA enhances
TGF-f gene expression suggests that this polyphenol might also be of value in the prevention of cancer, autoimmune disorders,
atherosclerosis and coronary heart disease.
© 2003 Elsevier Science Inc. All rights reserved.
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Abbreviations: DMEM, Dulbecco’s Eagle medium; DTT, dithiothrei-
tol; DX, dexamethasone; HX, hypoxanthine; IFN-y, interferon-gamma;
iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MA,
mangiferin; NBT, nitroblue tetrazolium; PE, L-phenylephrine hydrochlor-
ide; PMA, phorbol 12-myristate 13-acetate; PMS, phenazine methosul-
phate; ROS, reactive oxygen species; RT-PCR, retrotranscriptase—
polymerase chain reaction; SOD, superoxide dismutase; TGF-3, tumour
growth factor-beta; TNF-o, tumour necrosis factor-alpha; XO, xanthine
oxidase.

At high concentrations all reactive species—including
free radicals, radical-derived species and nonradical reac-
tive species—are toxic for living organisms and damage all
major cellular constituents [1]. On the contrary, at low
concentrations, ROS, including nitric oxide (NO) and
superoxide anion (O, "), play a crucial role as regulatory
mediators in cellular signalling processes [2] and in many
physiological functions such as regulation of vascular tone,
monitoring of oxygen tension in the control of ventilation,

0006-2952/03/$ — see front matter © 2003 Elsevier Science Inc. All rights reserved.

doi:10.1016/S0006-2952(03)00041-8



1362 J.M. Leiro et al./Biochemical Pharmacology 65 (2003) 1361-1371

signal transduction from membrane receptors, and erythro-
poietin production [3]. Another important physiological
function of ROS is the phagocyte-dependent killing of
pathogens during the respiratory burst, a process charac-
terised by an increase in oxygen consumption, activation of
a metabolic hexose monophosphate shunt, and the genera-
tion and release of chemically reactive oxygen metabolites
[4]. Additionally, ROS generated either extracellularly or
intracellularly through ligand-receptor interactions can
function as signal transduction molecules to activate cyto-
kine production and modulate genome expression by
specific and precise mechanisms during cell activation
[5]. An excessive and/or sustained increase in ROS pro-
duction has been implicated in the pathogenesis of cancer,
diabetes mellitus, atherosclerosis, neurodegenerative dis-
eases, rheumatoid arthritis, ischaemia/reperfusion injury,
obstructive sleep apnea, and other diseases [6]. Currently,
there is increasing interest in therapeutic use of antiox-
idants to prevent tissue damage induced by overproduction
of ROS, by reducing free radical formation or by scaven-
ging or promoting the breakdown of these species [1,7,8].
Experiments in different in vitro and in vivo systems have
demonstrated the potent antioxidant action of plant poly-
phenols [9], and it has been suggested that they can prevent
oxidative-stress-related diseases [10,11]. Recently, the
polyphenol mangiferin (MA), a C-glucosylxanthone, spe-
cifically 1,3,6,7-tetrahydroxyxanthone-C2-B-p-glucoside,
has attracted considerable interest in view of its numerous
pharmacological activities, including antitumour and anti-
viral [12-15], antidiabetic [16—18], anti-bone resorption
[19] and antioxidant activity [20,21]. In previous studies,
we have demonstrated that MA inhibit ROS production in
rat peritoneal macrophages stimulated in vitro with LPS,
IFN-y or PMA [22]; however, little is known about the
molecular bases of these inhibitory effects, or about the
effects of MA on other important targets of oxidant stress,
such as the vascular endothelium, whose dysfunction plays
a critical role in the pathophysiology of several vascular
diseases [23], including for example heart failure [24].

In the present study, we investigated the molecular bases
of the effects of MA, firstly in in vitro studies to assess
whether it scavenges O, and/or modulates XO activity,
and secondly in studies of effects on production of mRNAs
of iNOS, TNF-a and TGF-B in activated rat peritoneal
macrophages. Additionally, and in view of the antioxidant
activity of MA, we also investigated its possible regulatory
effect on vascular tone in rat aortic rings.

2. Materials and methods
2.1. Animals
Male Wistar rats (age: 8—10 weeks) (Iffa-Credo), pur-

chased from Criffa (Barcelona, Spain), were used. They
were housed (groups of five) in Makrolon cages (Panlab)

on poplar shaving bedding (B&K Universal) in a standard
bio-clean animal room, illuminated from 8:00 to 20:00 hr
(12 hr light: 12 hr dark cycle) and maintained at a tempera-
ture of 22-24°. The animals had free access to food pellets
(B&K Universal), and to tap water, and were allowed to
acclimatise for 1 week before the experiments.

2.2. Ethical approval

All experiments were carried out in accordance with
European regulations on animal protection (Directive 86/
609), the Declaration of Helsinki, and/or the Guide for the
Care and Use of Laboratory Animals as adopted and
promulgated by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). All experi-
mental protocols were approved by the Institutional Ani-
mal Care and Use Committee of the University of Santiago
de Compostela.

2.3. Stimuli, drugs and chemicals

Stock solution of LPS from Escherichia coli serotype
0111:B4 (Sigma Chemical Co.) was made up at 10 mg/mL
in phenol-red-free DMEM (Sigma) and stored at —20°
until use. Thioglycollate broth (Merck) was prepared to a
concentration of 3% (30 mg/mL) in PBS, autoclaved at
121° for 10 min, and stored at room temperature until use.
MA, DX, L-PE, PMA, xanthine, SOD (from bovine ery-
throcytes), XO (from buttermilk), HX, NBT, B-nicotina-
mide adenine dinucleotide (NADH), PMS, acetylcholine
hydrochloride and allopurinol were likewise purchased
from Sigma, and recombinant murine IFN-y from Gen-
zyme. The appropriate dilutions of the above drugs were
prepared everyday immediately before use, in phosphate
buffer (for the experiments involving the HX-XO system)
or in deionised water (for other experiments), from the
following concentrated stock solutions (100 mM unless
otherwise specified) kept at —20°: MA and PMA in DMSO
(Sigma); PE in deionised water (sodium bisulfite 40 mM
was added to the PE stock solution to prevent oxidation);
acetylcholine (to test the presence and integrity of the
endothelium), allopurinol, and SOD (20 kU/mL) in deio-
nised water; HX and xanthine (10 mM) in a 10 mM
potassium hydroxide solution.

XO was dissolved daily before the experiments in a
phosphate buffer. In all tests, deionised water and the
appropriate dilutions of the different vehicles used had
no significant pharmacological effects. All chemicals were
of analytical grade.

2.4. Isolation and activation of rat peritoneal-exudate
macrophages

For induction of inflammatory responses, rats were
injected intraperitoneally with 1 mL of 3% thioglycollate
broth, and peritoneal exudate was extracted 5 days later.
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Rat resident and inflammatory peritoneal macrophages
were obtained as previously described [25,26]. Briefly,
the abdomen of the rat was soaked with 70% ethanol
for disinfection, a midline incision was then made with
scissors, and the abdominal skin retracted. Thirty milliliter
of DMEM was then injected into the peritoneal cavity
using a syringe with a 19-G needle. After gentle abdominal
massage, about 30 mL of peritoneal fluid was extracted
using the same syringe and transferred to 50-mL sterile
polypropylene tubes on ice. A 20-pL aliquot was then
extracted for cell counting in a hemocytometer and the
cells were washed once by centrifugation at 400 g and
resuspended to a concentration of 10° cells/mL. The num-
ber of viable cells were estimated by the trypan blue
exclusion test. Aliquots of 100 pL. of the cell suspension
were added to the wells of 96-well microculture plates
(Corning, USA) and left for 90 min in a humidified incu-
bator (37°, 5% CO,) to allow adhesion. Non-adherent cells
were then removed by gently washing with DMEM. More
than 97% of the adherent cells showed nonspecific esterase
activity, indicating that they were macrophages [26].

2.5. Determination of XO activity by use of the xanthine—
XO system

The potential effect of MA on XO activity was inves-
tigated by measuring uric acid formation, as previously
described [27]. Briefly, 1-mL test solutions of phosphate
buffer (50 mM KH,PO,~KOH, pH 7.4) containing MA at
different concentrations (1, 10 or 100 uM), EDTA-Na,
(1 mM), and 0.066 U of XO were incubated for 15 min at
room temperature. The reaction was started by adding
xanthine in phosphate buffer (final concentration:
100 uM), and the rate of uric acid production was estimated
from the difference in absorbance at 295 nm (measured at
room temperature for 10 mininaUV-Vis absorption spectro-
photometer, Shimadzu UV-240) between the test solution
and a blank solution in which XO was replaced by buffer
solution. In some assays, the validity of the method was
confirmed by assessing the influence of allopurinol (a well-
known XO inhibitor) on uric acid formation.

2.6. Generation of O~ by use of the HX—XO system

The O, was generated enzymatically in an HX-XO
system and quantified by the spectrophotometric measure-
ment of the product of the reduction of NBT, essentially
following the procedure described previously [27,28]. The
250-uL test solutions contained the following, in phos-
phate buffer (50 mM KH,PO,~KOH, pH 7.4): 1 mM
EDTA-Na,, 100 uM NBT, and MA at various concentra-
tions (1, 10 or 100 uM). Control experiments were carried
out simultaneously using the same test solution but without
MA. The reaction was started with the test solution already
in a Cobas Fara 22-3123 AutoAnalyzer (Roche), by adding
XO in phosphate buffer (final concentration: 0.066 U/mL)

and continued at room temperature (22-24°) for 10 min.
The rate of NBT reduction was estimated from the differ-
ence in absorbance at 560 nm between the test solution and
a blank solution in which the XO was replaced by buffer. In
some experiments, the sensitivity of the method was
evaluated by assessing the influence of SOD (1 U/mL),
a known scavenger of O,".

2.7. Generation of O, by use of the
PMS—NADH system

O,  was also generated in a non-enzymatic PMS—
NADH system and again quantified by the spectrophoto-
metric measurement of the product of the reduction of
NBT, essentially following the procedure described pre-
viously [28]. We used 300-pL test solutions made up in
phosphate buffer (50 mM KH,PO,~KOH, pH 7.4) and
containing 166 uM NADH, 43 uM NBT, 10 U/mL of
SOD and MA at various concentrations (1, 10 or
100 uM). Control experiments were carried out simulta-
neously without MA. In addition, the possible capacity of
MA to directly reduce NBT was determined by adding it to
solutions containing only NBT in a phosphate buffer.

The reaction was started with test solutions already in a
Cobas Fara 22-3123 (Roche) autoanalyser, by adding
2.7mM PMS (freshly diluted in 100 mL of the above
phosphate buffer) and continued at 25° for 10 min, a period
over which absorbance increased linearly from the third
minute. The rate of NBT reduction was calculated from the
difference in absorbance at 560 nm with respect to a blank
solution in which PMS was replaced by buffer solution,
and was expressed as increment of absorbance per min.

2.8. Reverse transcription—polymerase chain reaction
(RT-PCR)

One hundred microliter aliquots of 10° peritoneal inflam-
matory cells prestimulated in vivo 5 days previously with
thioglycollate were incubated for 2 hr at 37° in DMEM
containing 10 U/mL of IFN-y, 100 ng/mL of LPS and MA at
various concentrations (1, 10 and 100 uM) or without MA
(controls); additionally, in some experiments for analysis of
iNOS expression, the inhibitor of iNOS mRNA synthesis
DX was added at 100 pM. Reverse transcription (RT) and
polymerase chain reaction amplification (PCR) to detect
RNA without any need for prior RNA extraction were
performed as described by [29], with some modifications.
Briefly, 10° peritoneal macrophages (obtained after presti-
mulation with thioglycollate as indicated above) were resus-
pendedin 100 pL of freezing solution (0.15 M NaCl, 10 mM
Tris, pH 8.0). Ten microliter of 2 x RNase inhibitor (0.15 M
NaCl, 10 mM Tris, pH 8.0, RNase inhibitor (100 U/uL),
5 mM DTT) was added to 10 pL of this cell suspension, and
the resulting mixture was immediately frozen at —70°. The
cells were subsequently defrosted rapidly in a room-tem-
perature water bath, and total RNA was amplified by two-
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step RT-PCR. cDNA synthesis was accomplished using
1.25 uM of random hexamer primers (Applied Bio-
systems), 250 uM of each deoxyribonucleotide triphosphate
(dNTPs), 10 mM DTT, 10 U/20 pL. of RNase inhibitor,
2.5 mM of MgCl, and 15 U of MultiScribe (murine leukae-
mia virus) reverse transcriptase (Applied Biosystems) in
30 mM Tris and 20 mM KCl, pH 8.3. The cycling para-
meters for the RT step are: hybridisation for 10 min at 25°
and reverse transcription for 12 min at 42°. Twenty micro-
liter of RT reaction mixture was amplified using a specific
rat iNOS forward/reverse primer pair: 5-TGGAAGCCG-
TAACAAAGGAAA-3'/5'-ACCACTCGTACTTGGGATG-
CT-3' (selected from the complete sequence of Sprague—
Dawley Rattus norvegicus iNOS mRNA, published in [30]
and deposited in the GenBank of the National Center for
Biotechnology Information (NCBI) accession number:
U03699). Amplification of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) with the forward/reverse primer
pair: 5'-ACCGCATCTTCTTGTGCAGT-3'/5'-GCCAAA-
GTTGTCATGGATGA-3' [31] (NCBI, accession number:
AF106860) was performed as a control of gene expression.
These primers amplified a 563-bp (iNOS) or 544-bp
(GAPDH) fragment. The 50-puL optimised reaction mixture
contained reaction buffer (10 mM Tris—HCI, 50 mM KCl,
1.5 mM MgCl,, pH 9.0), 0.2 mM of each dNTP, 0.4 pM of
each primer and 1.5 U of rTaq DNA polymerase (Roche).
Thermal cycling in an automatic thermal cycler (GeneAmp
PCR System 2400, Perkin-Elmer, Norwalk, USA) was as
follows: initial denaturing at 94° for 5 min; then 35 cycles at
94° for 30 sec, 55° (iNOS) or 53° (GAPDH) for 45 sec, and
72° for 1 min; and finally a 7-min extension phase at 72°. In
all experiments we performed RT-PCR controls without
RNA or without reverse transcriptase; in no case were
amplification products obtained. PCR products (20 uL ali-
quots) were separated on a 2% agarose gel in TBE buffer
stained with 0.5 pg/mL of ethidium bromide, and photo-
graphed with a digital camera under a Spectroline 312
variable-intensity UV transilluminator (Spectroline) as pre-
viously described [32].

2.9. Multiplex RT-PCR (RT-MPCR)

RT-MPCR provides a very sensitive and accurate method
for measuring expression levels of multiple genes [33].
cDNA was obtained by RT as described above, and cleared
by phenol extraction and ethanol precipitation. MPCR was
done using a CytoXpress' ™ kit (Rat Inflammatory Set 1,
Biosource International) following the manufacturer’s
instructions. This kit is designed to direct the simultaneous
amplification of specific ORF regions of the rat GAPDH,
GM-CSF, TNF-q, IL-1B, IL-6 and TGF-f genes. A 50-uL
MPCR mixture was made up with 10.5 pL of distilled water,
5.0 uLL of 10x MPCR buffer, 5.0 pL 10x MPCR enhancer,
5.0 pL. of 10x MPCR primers, 4.0 pL. of ANTP (3.12 mM),
0.5 uL of rTaqg DNA polymerase (5 U/uL) (Roche) and
20 pLL of clean cDNA. Thermal cycling was as follows:

initial denaturing at 96° for 1 min; 2 cycles with a denatur-
ing step of 96° for 1 min and annealing step of 60° for 4 min;
then 33 cycles at 94° for 1 min and 60° for 2.5 min; and
finally a 10-min extension phase at 70°, followed by a soak
at 25°. MPCR products (10-puL aliquots) were again ana-
lysed by 2% agarose gel electrophoresis, with ethidium
bromide staining. The gel was photographed with a digital
camera under a UV transilluminator, and the bands were
quantified in TIF images using densitometry analysis soft-
ware (ImageMaster Total Lab, version 2.00; Amersham-
PharmaciaBiotech). The results were expressed as the ratio
between the optical density (OD) of the band corresponding
to the cytokine studied and the OD of the band correspond-
ing to the control gene GAPDH.

2.10. DNA quantification

DNA concentration in PCR samples was assessed using
the PicoGreen™ dsDNA quantification assay (Molecular
Probes), an ultrasensitive fluorescent nucleic acid stain for
quantifying double-stranded DNA (dsDNA) in solution,
following the instructions of the manufacturer. Calibration
was against a standard curve of purified bacteriophage
lambda DNA over the range 25 pg/mL-25 ng/mL. Fluor-
escence was measured with a microplate fluorescence
reader (Bio-Tek Instruments) with excitation at 480 nm
and emission at 520 nm.

2.11. ELISA for quantification of TNF-o.

One hundred microliter aliquots of the macrophage
suspension (10° peritoneal macrophages per mL, obtained
after prestimulation with thioglycollate as indicated above)
were incubated for 5 hr with LPS (100 ng/mL in DMEM) or
LPS plus IFN-y (10 U/mL in DMEM), and MA at various
concentrations (1, 10 and 100 pM in DMEM) or without
MA (controls) in 96-well microculture plates at 37° under
5% CO, in a humidified incubator. The plates were cen-
trifuged at 400 g for 5 min and TNF-o was quantified in the
supernatant using a sandwich ELISA developed by R&D
Systems. PVC microtitre plates (Costar) were coated with
100 pL per well of capture antibody (goat anti-rat TNF-o) at
0.8 pug/mL in PBS by incubation overnight at room tem-
perature. The plates were then washed five times with wash
buffer (0.05% Tween 20 in PBS, pH 7.2-7.4) and blocked by
adding 300 pL. per well of block buffer (1% BSA, 5%
sucrose in PBS with 0.05% NaN3) and incubated for 2 hr
at 37°. After a washing step (five times with wash buffer)
and the addition of 100 pL of culture supernatant (see
above), or standard solution (seven serial 2-fold dilutions
of a2000 pg/mL stock solution of recombinant rat TNF-oc in
reagent diluent, i.e. PBS containing 1% BSA, pH 7.2-7.4),
the plates were then incubated for 2 hr with detection anti-
body (biotinylated goat anti-rat TNF-ot) at 300 ng/mL in
reagent diluent. Plates were again washed five times with
wash buffer, adding 100 pL of a 1/200 working dilution of
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streptavidin conjugated to horseradish peroxidase for
20 min at room temperature. After washing with wash
buffer, peroxidase activity was detected by adding
100 pL of substrate solution (o-phenylenediamine (Sigma)
at a concentration of 0.04% in phosphate—citrate buffer (pH
5.0) containing 0.001% H,0,). After 20 min incubation at
room temperature, the reaction was stopped with 25 pL of
3N H,SO,4, and OD at 492 nm was measured with an
ELISA reader (Titertek Multiscan, Flow Laboratories).

2.12. Functional (contraction/relaxation) studies in
isolated rat aorta rings

Vascular rings were prepared from the aortas of male
Wistar rats weighing 230-270 g, essentially as described
elsewhere [34]. In addition, contraction studies were per-
formed following the general procedure described in [35].
The presence of functional endothelium was assessed in all
preparations by determining the ability of acetylcholine
(1 pM) to induce more than 50% relaxation of rings pre-
contracted with PE (1 uM). Vessels were considered to be
denuded of functional endothelium when there was no
relaxation response to acetylcholine.

2.13. Activity in pre-contracted rat aortic rings and
effects on resting tension

After an equilibration period of at least 1 hr, isometric
contractions induced by PE (1 puM) and PMA (1 pM) were
obtained. When the contraction of the tissue in response to
the corresponding vasoconstrictor agent had stabilised
(after approximately 20 min for PE or 60 min for PMA),
increasing cumulative concentrations of MA (1-100 uM)
were added to the bath at 15-20 min intervals. Control
tissues were subjected to the same procedures simulta-
neously, but omitting the drug and adding the vehicle (i.e.
an appropriate DMSO dilution).

In another series of experiments, different concentra-
tions of MA (1-100 pM) were added to baths containing
non-contracted rat aortic rings, in order to analyse the
effects of this compound on resting vascular tone.

2.14. Statistics

Data are expressed as means &£ SEM. Statistical signifi-
cances (P = 0.05) were determined by one-way ANOVA
followed by the Tukey—Kramer test for multiple compar-
isons.
3. Results

3.1. Oy scavenging activity of MA

To determine whether the inhibitory action of MA on
ROS production in rat macrophages [22] is due to a ROS-
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Fig. 1. Effects of MA (1-100 pM) and SOD (1 U/mL) on reduction of
NBT by O, generated (A) by XO in the presence of 100 uM HX and (B)
in the PMS-NADH system. The O, scavenger activity of MA and SOD in
the enzymatic system HX-XO (A) is expressed as percentage absorbance
at 560 nm with respect to the untreated control. Bars represent
means = SEM (N =5). Asterisks (*) indicate statistical significance
(P < 0.01) with respect to control (without treatment).

scavenger effect, the ability of MA to scavenge O,
generated by an enzymatic (HX-XO) or non-enzymatic
system (PMS-NADH) was investigated. MA at 1-100 pM
was capable of removing O, generated by the enzymatic
system (Fig. 1A) with an 1c59 value of 8.2 4+0.72 uM
(N = 5); whereas concentrations of 10-100 pM (ic5o of
31.8£1.85 uM; N =5) were necessary to effectively
scavenge the O, generated by the non-enzymatic system
(Fig. 1B). The MA concentration required to scavenge O,
to the same extent as 1 U/mL SOD (a known O, sca-
venger) was 100 pM.

3.2. Effects of MA on XO activity

To rule out possible inhibitory effects of MA on XO
activity, we monitored its effects on the XO-catalysed
production of uric acid from xanthine. As shown in
Fig. 2, MA at 1-100 uM did not significantly affect XO
activity. In contrast, the inhibitory reference drug allopur-
inol at 10 pM inhibited uric acid generation, indicating that
it reduced XO activity (Fig. 2).
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Fig. 3. In vitro effects of MA (1-100 pM) and DX (100 uM) on levels of iNOS mRNAs in rat peritoneal macrophages, as determined by semiquantitative
RT-PCR. Macrophages were prestimulated in vivo with 3% thioglycollate broth i.p. and stimulated in vitro with LPS (100 ng/mL) and IFN-y (10 U/mL), in
the absence or presence of MA (1-100 uM) or DX (100 uM). (A) 2% agarose analysis of RT-PCR products using primers for iNOS (519 bp) or the control
gene GADPH (544 bp) and (B) DNA quantification of RT-PCR products by the fluorescent nucleic acid stain PicoGreen® in ng/mL. Bars show
means £ SEM (N = 3). Asterisks (*) indicate statistical significance (P < 0.01) with respect to control. MW: molecular weight markers (50-bp ladder).
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3.3. Effects of MA on iNOS mRNA levels

In order to investigate whether the suppression of iNOS
activity in rat macrophages by MA [22] is due to reduced
iNOS mRNA synthesis, iNOS mRNA levels were deter-
mined by a semiquantitative RT-PCR in total RNA sam-
ples extracted from thioglycollate-prestimulated rat
peritoneal macrophages. The amplification of cDNA with
primers specific for rat iNOS and GAPDH (as constitutive
gene) is shown in the Fig. 3. The results indicate that
significantly lower levels of iNOS mRNA are present in rat
peritoneal macrophages incubated in vitro with LPS and
IFN-v in the presence of MA than in the absence of MA
(Fig. 3). MA and the glucocorticoid DX at a concentration
of 100 uM show similar inhibitory effects on iNOS mRNA
levels (Fig. 3).

3.4. Effects of MA on inflammatory cytokine mRNA levels

To assess the effect of MA on the synthesis of mRNAs of
cytokines involved in inflammation, a semiquantitative RT—
MPCR was used. Macrophages prestimulated in vivo with
the inflammatory agent sodium thioglycollate and then
incubated in vitro for 2 hr with LPS and IFN-y show high
levels of mMRNAs of the cytokines TGF-ff and TNF-a (Fig. 4).
MA dose-dependently increased TGF-3 mRNA levels and
inhibited TNF-a mRNA levels, but did not affect mRNA
levels of GAPDH, used as gene expression control (Fig. 4).

3.5. Effects of MA on in vitro TNF-o. production

To confirm that the apparent inhibitory effect of MA on
TNF-oo mRNA production leads to reduced secretion of
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Fig. 4. Effects of MA (10-100 uM) on mRNA levels of cytokines TNF-o. and TGF-f in rat peritoneal macrophages as determined by semi-
quantitative multiplex RT-PCR (RT-MPCR). Macrophages were prestimulated in vivo with 3% thioglycollate broth (i.p.) and stimulated in vitro with
LPS (100 ng/mL) and IFN-y (10 U/mL), in the absence or presence of MA (10-100 pM). (A) Samples were run on a 2% agarose gel and (B) mRNA 1
evels were quantified by densitometric analysis using image analysis software. (A) MW: molecular weight markers (100 bp ladder). Lane I: Results
for reaction mixture containing specimen cDNA control, supplied with the kit, and the primers used (Biosource CytoXpress Rat Inflammatory
Cytokines Set 1, comprising primers for GM-CSF (210 bp), TGF-B (250 bp), IL-1B (295 bp), TNF-o (352 bp), IL-6 (453 bp) and GAPDH (532 bp).
Lane 2: Results for reaction mixture containing cDNA from rat macrophages incubated without MA (control). Lanes 3 and 4: Results for reaction
mixtures containing cDNA from rat macrophages incubated with 10 or 100 uM respectively. (B) Bars are means + SEM (N = 3) of [OD of cytokine
band]/[OD of corresponding band in analysis using primer for GAPDH], where OD = optical density. (*) Significantly different from control,

P <0.01.
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Fig. 5. Effects of MA (1-100 uM) on TNF-u levels (as determined by sandwich ELISA) in culture supernatant of peritoneal macrophages prestimulated in
vivo with 3% thioglycollate broth (i.p.) and stimulated in vitro for 5 hr with LPS (100 ng/mL) or LPS (100 ng/mL) and IFN-y (10 U/mL). Bars represent
means + SEM (N = 3). Asterisk (*) indicates statistical significance (P < 0.05) with respect to control (i.e. the corresponding no-MA treatment).

TNF-o by macrophages, we used a sandwich ELISA to
measure TNF-o levels in culture supernatants of macro-
phages prestimulated in vivo with thioglycollate and then
incubated in vitro for 5 hr with LPS or LPS plus IFN-q.
Macrophages incubated with LPS plus IFN-o (unlike
macrophages incubated with LPS alone) showed signifi-
cantly higher TNF-a production than control macrophages,
and MA dose-dependently inhibited TNF-o production by
LPS/IFN-a-treated macrophages, the inhibition reaching
statistical significance at 100 pM MA (Fig. 5).

3.6. Effects of MA on resting tension in rat aorta and
on pre-contracted rat aortic rings

In our experiments the rat aortic rings lacked sponta-
neous activity, as we have previously reported [34]. Rest-
ing tone was unaffected by DMSO (14 mM-14 pM) and
MA (1-100 uM) in intact rat aortic rings (N =35,
P > 0.05, data not shown).

PE (1 pM) and PMA (1 uM) induced a slow and sus-
tained contraction in isolated aortic rings with endothe-
lium. The maximal tensions reached were 1957 4 146 and
1826 £ 138 mg, respectively (N = 5). These contractile
effects were maintained without significant tension
changes for at least 90 min. Neither MA (1-100 uM)
nor DMSO (14 mM-14 pM) had significant effects on
either the PE- or the PMA-induced contractions (N =5,
P > 0.05 in all cases) (data not shown).

4. Discussion

ROS and reactive nitrogen species (RNS) play a central
role in many cell processes, and the balance between NO

and O, is a critical determinant in the aetiology of many
human diseases including atherosclerosis, neurodegenera-
tive disease, ischaemia-reperfusion and cancer [36]. Leu-
cocytes, including macrophages and eosinophils,
participate in the innate immune response by phagocytis-
ing foreign particles and producing cytokines, ROS and
RNS involved in the destruction of pathogens [21]. The
overproduction of ROS and RNS by activated phagocytic
cells has been implicated in many inflammatory disorders
associated with various pathologies [37]. Previously, we
have demonstrated that the polyphenol MA is capable of
modulating the activation and functionality of rat macro-
phages, through partial inhibition of chemotactic migra-
tion, phagocytic activity, and ROS and RNS production
[22], but until now little was known about the molecular
processes involved in its antioxidant activity. In this study
we demonstrate that MA possesses potent O, -scavenger
activity, similar to that of other natural polyphenols
[28,38]. The major sources of O,  in vivo include mito-
chondrial respiration, membrane-associated NADH-
NADPH oxidases, and the enzyme XO which catalyses
the formation of O, and H,0, from oxygen and xanthine
or HX [36,39,40]. Our results demonstrate that MA does
not affect XO activity, which confirms that its inhibitory
effect on ROS production is fundamentally due to O,
scavenging.

NO is a short-lived free radical gas that has a variety of
functions including vasodilation, neurotransmission, and
tumouricidal and microbicidal activities [41]. NO was first
identified as the endothelial-derived relaxing factor
(EDRF), and its role in the signalling pathway leading to
this physiological effect was rapidly established [40]. NO is
produced in large amounts by macrophages, and we have
previously demonstrated that MA inhibits NO production
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by thioglycollate-elicited rat macrophages [22]. In this
study we investigated whether this inhibition is related to
modulation of the level of expression of the gene for NO
synthase (isozyme NOS-II, NOS2 or iNOS), which in
mammals can be induced in macrophages by cytokines,
LPS and a variety of other agents (including ROS) [42]. Our
results indicate that MA dose-dependently inhibits iNOS
mRNA production in peritoneal exudate macrophages sti-
mulated in vivo with thioglycollate and then in vitro with
LPS and IFN-y, and that the inhibition is similar to that
caused by DX, a known suppressor of iNOS mRNA pro-
duction [43]. A number of polyphenolic phytochemicals
that also shown potent anti-oxidant activity can inhibit
iNOS gene expression and NO generation in several types
of cell, including macrophages [44—49]. The major agents
inducing expression of iNOS in macrophages and other cells
are LPS and cytokines, such as IL-1, IFN-y and TNF-o [50].
In the present study MA dose-dependently inhibited the
production of TNF-a by thioglycollate-elicited rat perito-
neal macrophages stimulated with LPS and IFN-y. Other
polyphenols, such as green tea polyphenols, dose-depen-
dently inhibit TNF-o gene expression in BALB/3T3 cells
treated with okadaic acid [51,52]. Several cytokines includ-
ing TGF-p are known to prevent the induction. The three
isoforms of TGF-p are inhibitors of iNOS in mouse macro-
phages and renal epithelial cells, and in rat vascular smooth-
muscle cells [53-58]. In the present study we demonstrated
that MA increases TGF-p mRNA levels in peritoneal
macrophages. TGF-B is known to be a powerful immuno-
modulatory agent, and has been shown to play a role in
ablating the respiratory burst of activated macrophages [59]
and inhibiting their ability to produce NO [60]. The inter-
action between iNOS and TGF-3 may be a central homeo-
static mechanism in mammalian physiology, with
implications for a variety of human diseases associated
with prolonged production of large amounts of NO [57].
Recent studies have implicated the TGF-J3 response system
as a novel tumour-suppressor pathway in epithelial tissues
[61], and as a suppressor of atherogenesis in blood vessels
[62]. Alterations in the gene expression of TGF-p, particu-
larly the TGF-B1 isoform, have been implicated in many
disease processes: the total absence of TGF-B1 leads to an
autoimmune-like syndrome [63], while decreased TGF-31
levels have been linked to coronary artery disease [64].
Animportant physiological function of NO and O, is the
regulation of vascular tone [3]. Increasing evidence suggests
that oxidant stress is involved in modulation of many
endothelium functions and states, including vasomotor tone;
the application of specific therapies to prevent ROS produc-
tion may therefore help to amend endothelial dysfunctionsin
cardiovascular diseases [65,66]. In particular, and in view of
their antioxidant properties, the polyphenols have been
postulated as potentially protective against cardiovascular
disease [27,67]. In the present study, the polyphenol MA did
not modify resting tone or the contractile responses elicited
by PE or PMA in rat aorta. In the aorta, a tenuous balance

exists between the steady-state levels of NO and O, [68],
and these molecules have opposing effects on vascular tone
and chemically react with each other in a way that negates
their individual effects and leads to the production of poten-
tially toxic substances, such as peroxynitrite (ONOO™) [69].
The therapeutic aim is to increase NO (i.e. vasodilator)
bioavailability, either by increasing endothelial NO produc-
tion or by reducing endothelial O, (i.e. vasoconstrictor)
production [70]. As is demonstrated in the present study, MA
is unable to modulate NO/O, "~ balance in vascular endothe-
lium, and thus does not modulate endothelium-dependent
vascular relaxation.

In conclusion, MA is a potent antioxidant molecule that
acts primarily as an O,  scavenger without affecting the
activity of the O, -generating enzyme XO. MA also
modulates the gene expression of iNOS and of cytokines
that regulate macrophage activity and participate directly
in the regulation of NO production, namely TNF-o. and
TGF-B. These results suggest that MA might be of value in
the treatment of immunopathological disorders charac-
terised by overproduction of NO/O, ™, such as inflamma-
tory diseases, atherosclerosis or septic shock. In view of its
antioxidant effects, MA may also be useful in the preven-
tion of carcinogenesis, while its stimulatory effect on TGF-
B, a cytokine inhibitor of angiogenesis [71], might be used
to block tumour growth or protect against autoimmune
diseases.
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